Much effort has been devoted to the identification of immunologically important antigens of Mycobacterium tuberculosis and to the combination of target antigens to which antibodies from serum of tuberculous patients could react specifically. We searched for IgG antibodies specific for antigens of 45 to 6 kDa obtained after sonication of the well-characterized wild M. tuberculosis strain in order to detect differences in the antibody response to low molecular weight antigens from M. tuberculosis between patients with pulmonary tuberculosis and contacts. Specific IgG antibodies for these antigens were detected by Western blot analysis of 153 serum samples collected from 51 patients with confirmed pulmonary tuberculosis. Three samples were collected from each patient: before therapy, and after 2 and 6 months of treatment. We also analyzed 25 samples obtained from contacts, as well as 30 samples from healthy individuals with known tuberculin status, 50 samples from patients with other lung diseases and 200 samples from healthy blood donors. The positive predictive value for associated IgG reactivity against the 6-kDa and 16-kDa antigens, 6 and 38 kDa, and 16 and 38 kDa was 100% since simultaneous reactivity for these antigens was absent in healthy individuals and individuals with other lung diseases. This association was observed in 67% of the patients, but in only 8% of the contacts. The humoral response against antigens of 16 and 6 kDa seems to be important for the detection of latent tuberculosis since the associated reactivity to these antigens is
Introduction
Mycobacterium tuberculosis causes pulmonary tuberculosis, and the clinical manifestations of infection can be either acute or latent and asymptomatic, depending on the intensity of the immune response set up by the infected patient (1) .
Since one third of the world's population carries M. tuberculosis in its latent form, and that 5% develop active disease during the first years of infection, it is estimated that 8 million new cases of tuberculosis and 3 million deaths occur each year (2) . Furthermore, the risk of reactivation increases as a consequence of associated pathologies, immunosuppressive therapy, malnutrition and, mainly, coinfection with human immunodeficiency virus (HIV) (3) . Identification of these individuals is crucial for the control of disease transmission and elimination of tuberculosis.
The standard diagnosis is still made by clinical examination, direct sputum microscopy, and bacterial culture. The traditional laboratory methods used for complementation of diagnosis have limitations such as low sensitivity of acid-fast smears in paucibacillary patients, the time needed for cultivation, with undetectable growth in 10 to 20% of cases, or the high costs involved in molecular detection methods such as PCR.
The purified protein derivative used as a skin test (TST) has limitations in distinguishing between active disease and latent tuberculosis infection. This test can turn positive in people who have been vaccinated with bacillus Calmette-Guerin (BCG) and in individuals who came in contact with other mycobacteria (4) . Serologic tests have not demonstrated sufficient performance but have been extensively investigated, leading to an improved understanding of the humoral response in tuberculosis and identifying novel M. tuberculosis-specific proteins.
Mycobacterial antigens such as MPT63 (5), MPT64 (5), 38 kDa (5), 30 kDa (6), 16 kDa (7), A60 (8) , and Mtb81 (9) have been characterized, purified and independently tested with sera obtained from patients with tuberculosis.
The heterogeneous immune response observed, together with the absence of reactivity to a single antigen or to a specific group of antigens, suggest the existence of variations among individuals as well as an influence of disease stage (5) .
Many investigators have suggested that one possibility to compensate for the variation of the immune response and the influence of disease stage would be to combine the antigens with the highest individual sensitivities into a single test. This antigen mixture would improve the test performance by allowing simultaneous recognition of the different epitopes displayed on each of the proteins employed (10) . The profile of antibody reactivity has been exhaustively studied using different antigen preparations and Western blotting (11) .
Not long ago, research focused on lowmolecular weight antigens that are specific and potentially useful for the diagnosis of tuberculosis. These include the antigens of mass 38, 23/24, 19, and 16 kDa (14 kDa); Mtb8 and ESAT-6 (12) (13) (14) .
The 38-kDa antigen is the antigen most extensively studied. It is a secretory lipoprotein possessing epitopes that are specific for the M. tuberculosis complex. Several serological assays using this antigen have been evaluated, showing good sensitivity and specificity for diagnosis of the disease (12) . A 16-kDa protein, frequently called 14 kDa, contains several M. tuberculosis complexspecific B cell epitopes, showing homology with various antigens belonging to the alphacrystallin family of low-molecular weight heat shock proteins (7). ESAT-6, characterized and purified in 1995 by Sorensen et al. (15) , was subsequently used in different studies as an antigen with diagnostic potential since it was found to be specific for M. tuberculosis and absent in M. bovis BCG and in most environmental mycobacteria. ESAT-6 stimulates T-cells from patients with active tuberculosis leading to an increase in interferon-γ production (13) . These two latter purified proteins, 16 kDa and ESAT-6, are among the several proteins produced by the bacteria under low oxygen conditions and within artificial and animal granulomas, conditions suspected to be analogous to those present within human granulomas -but not during the logarithmic phase growth (16) .
In the present study, we defined by Western blotting the serological IgG profiles of tuberculosis patients and household contacts using a whole protein extract from a wild M. tuberculosis isolate as antigen. The association of different low-molecular weight bands could be useful for the discrimination of pulmonary tuberculosis patients, household contacts and healthy individuals.
Material and Methods

Mycobacteria
The M. tuberculosis strain employed in this study was isolated from a sputum sample obtained from a patient with tuberculosis in 2000. Bacteria were cultivated on Löwen-stein-Jensen medium at 37ºC for 30 days. Species identification was confirmed by microbiological assays and a DNA hybridization test using a DNA probe specific for the M. tuberculosis complex (Accuprobe M. tuberculosis complex, Gen-Probe ® , cat. No. 2860; Incorporated Genetic Center Drive, San Diego, CA, USA).
Bacteria grown on Löwenstein-Jensen medium were inoculated into Sauton liquid medium (0.5 g MgSO 4 , 2 g citric acid, 0.65 g K 2 HPO 4 , 4 g asparagine, 0.05 g ammonium ferric citrate, and 50 ml glycerol in 1.0 liter Milli-Q H 2 O with a final pH of 7.2). After incubation at 37ºC for 5 weeks, the bacterial suspension was transferred to a 1-liter flask containing 250 ml Sauton liquid medium and incubated at 37ºC for another 12 weeks, without shaking.
Crude bacterial antigen
Approximately 2 g of wet bacteria were harvested by centrifugation from the surface of the liquid culture, washed and resuspended in PBS containing PMSF, EDTA and DTT at final concentrations of 1 mM each. The bacilli were subjected to sonication for 1 h at 80 W using a Vibra Cell™ 72405 sonicator (BioBlock Scientific, Illkirch, France) in ice and subsequently centrifuged at 10,000 g for 30 min at 4ºC. Proteins were precipitated by adding ammonium sulfate (80% saturation) to the supernatant and resuspended in saline after centrifugation at 10,000 g for 30 min at 4ºC. After dialysis for 24 h against saline using a D-7884 membrane (Sigma, St. Louis, MO, USA), the protein content was determined by the method of Lowry et al. (17) . All steps were conducted according to biosafety level 3 criteria.
SDS-PAGE
Protein electrophoresis was carried out as described by Laemmli (18) using 18% acrylamide/bisacrylamide gels. The antigens were diluted in sample loading buffer without ß-mercaptoethanol, heated to 95ºC for 2 min in loading buffer and loaded onto the gel (10 µg/slot). Prestained Rainbow™ was used as a molecular weight marker in the 2,500-to 45,000-kDa range (Amersham Pharmacia Biotech, RPN 755 Piscataway, NJ, USA).
Western blotting
The SDS-PAGE-fractionated antigen mixture was transferred to a nitrocellulose membrane (0.45 µm, BioAgency, cat 162-0115n, São Paulo, SP, Brazil) as described by Towbin et al. (19) . Transfer efficiency was monitored by checking for the presence of prestained marker bands on the membrane. After transfer, the membrane was blocked for 15 min in PBS/Tween-20 (0.05%; PBST) containing 5% skim milk, washed in PBST and cut into 4-mm wide strips. The strips were incubated with patient serum samples diluted 1/50 in PBST containing 0.5% skim milk for 18 h at 4ºC. After additional washes, the blots were incubated for 2 h at room temperature with peroxidase-conjugated anti-human IgG antibody (1/1,000 in PBST/0.5% skim milk). After another wash cycle, the blots were developed by adding 2 ml 4-chloro-1-naphthol (3 mg/ml in methanol) in 10 ml PBS and 4 µl H 2 O 2 (30%) and incubated for 10 min in the dark. The reaction was stopped by washing the blot in distilled water. All incubations were carried out under constant shaking.
Human sera
All samples were collected after approval by the local Ethics Committee and after written informed consent was obtained from all patients or their parents.
Patients. A total of 153 serum samples were collected from 51 patients with a confirmed diagnosis of pulmonary tuberculosis at the University Hospital of São Paulo between 2000 and 2002. Forty-one patients were smear and culture positive and 10 patients were smear negative and culture positive. The patients had a median age of 37 years (age range, 14 to 75 years), 41 (80.5%) had radiological evidence of infiltration, and 22 (43.1%) of cavitary lesions. Samples were collected before treatment and after 2 and 6 months of therapy. All patients were HIV negative.
Contacts. Sixteen samples were collected from household contacts of tuberculosis patients, and another nine samples from individuals occupationally exposed to tuberculosis.
Control group. Serum samples were obtained from healthy individuals with known results of the TST (positive, N = 22; negative, N = 8), from patients with other lung diseases (lung carcinoma, silicosis, asthma, or bronchitis) (N = 50) with tuberculous diagnoses ruled out, and from an anonymous control group including sera from healthy blood donors whose tuberculin status was not known (N = 200).
Results
The serological profiles of IgG antibodies against low-molecular weight antigen fractions of M. tuberculosis were determined in different groups.
Serum from one of 51 patients with proven pulmonary tuberculosis did not react with any protein fraction between 45 and 6.0 kDa. The reagent serum from tuberculosis patients predominantly recognized antigen fractions with a molecular weight between 38 and 6 kDa. Western blot analysis showed that 57% of patients produced, before treat- Immune response to low weight antigens from M. tuberculosis ment, specific IgG antibodies against antigens in the 6-kDa range, 50.9% against antigens in the 16-kDa range, 59% against antigens in the 38-kDa range, and 98% against antigens in the 26-kDa range. After 2 months of therapy, the number of patients who recognized these antigens increased for the protein in the 6-kDa (∆16%), 16-kDa (∆15.7%) and 38-kDa (∆4.1%) range. The number of reactive patients remained constant from the second to the 6th month of therapy ( Figure  1 ). The frequency of reactivity to these antigens in the other groups was very low and significantly different (P < 0.05, Dunnett's test; Figure 2 ). Among healthy TST-negative individuals, no one showed reactivity to proteins in the 6-, 16-or 38-kDa range.
Western blotting analysis of the sample obtained before treatment from 51 tuberculous patients showed four reactivity profiles that were not present in healthy controls or in patients with other lung diseases. These profiles were: simultaneous reactivity with antigenic fractions 38-26-16 kDa (profile I), 38-26-6 kDa (profile II); 38-26-16-6 kDa (profile III), and 26-16-6 kDa (profile IV; Figure  3 and Table 1 ). When the presence of any one of the cited profiles was considered to be a positive reaction, the sensitivity obtained for the group of positive smear patients was 75%, with 19.5% for profile I, 22% for profile II, 14.6% for profile III, and 19.5% for profile IV. In the group of negative smear patients, sensitivity was 30%, with 20% for profile II and 10% for profile III (Table 2) .
Only two of 25 (8%) sera obtained from contacts presented profile IV. These individuals were TST-positive (strips 1, 3; Figure 4 ).
Of the 200 anonymous controls, 1 (0.5%) showed profile II, 4 (2%) profile III, and 6 (3%) profile IV ( Table 1 ). The specificity detected for this population was 94.5. (Table  2 ). Other simultaneous reactivities (26-6, 26-38, 26-16) appeared not to be important, since they were present in all groups (Table  1) including TST-positive healthy individu- 3  0  3  1  2  3  20  26-16  2  1  3  2  2  2  23  6  0  0  0  0  0  1  0  16  0  0  0  0  1  0  0  26  1  4  5  15  8  4  0  38  0  0  0  6  2  1  0  No reaction  1  1  25  14  12  115  Total  41  10  51  50  30  25  200 Data are reported as number of reactive patients. WB profile (kDa) = Western blotting. Mass in kDa of immunoreactive proteins recognized by antibodies present in serum samples.
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als (Figure 2) . Therefore, the positive predictive values for the combined analyses of the reactivity profiles were 100% for the 38+16+6-kDa mass range, 38+16-kDa mass range and 38+6-kDa mass range, since these profiles were not present in healthy individuals or in patients with other lung diseases. The negative predictive values for the same combinations were 64% (38+6+16 kDa), 65% (38+16 kDa) and 66% (6+38 kDa).
Discussion
The ability of a protein to detect antibodies present during subclinical disease is as important as the sensitivity of a protein in detecting antibodies formed during active tuberculosis, since therapy for latent tuberculosis infection can prevent the development of active disease.
We investigated the humoral response of tuberculosis patients and their contacts to proteins with a molecular mass between 45 and 2.5 kDa that are present in the soluble fraction of sonicated M. tuberculosis, including membrane and cytoplasm proteins. The use of a clinical M. tuberculosis isolate obtained from a patient with active disease instead of a standard laboratory strain, H37rv, is an important consideration. Lopes et al. (20) investigated the immune response produced by different M. tuberculosis strains and important differences were observed. Although the strain used in the present study to obtain the antigen extract has not been genetically characterized, it probably represents the predominant strain of M. tuberculosis in the geographical area studied.
For this study we used Western blot because it is a method that provides a safe reading and interpretation of the results when duly standardized. In the present study, we produced industrial lots of antigen fractions that were assessed for reproducibility with control serum samples collected from patients with confirmed pulmonary tuberculosis and healthy individuals (data not shown). Compared to molecular methods, Western blot has the advantage of being easy to perform, considering that small laboratories are better equipped for the execution of serological tests than of molecular tests. The stability of the nitrocellulose strips, that can be stored for more than 12 months, permits the execution of the test in laboratories with small routines. The Western blot method has been widely used to confirm serologic results and for the identification of the immune response against different protein fractions of viruses, fungi, and parasites (21) .
Studies employing Western blot analysis have shown that M. tuberculosis antigens in the range of 65, 61, 58, 30, and 24 kDa frequently react with serum from controls (22) , while sera from tuberculosis patients and healthy controls differ in their reactivity with antigens in the 43-and 12-kDa range (23). In the present study, we demonstrated that before the initiation of treatment 57% of the patients produced antibodies against the 6-kDa range, and after two months of therapy 73% of the patients produced specific antibodies. The same was observed for antibodies specific for the 16-and 38-kDa fractions. After this initial increase, antibody levels remained constant until the end of therapy (Figure 1) . Similar data were obtained in studies carried out by Imaz and Zerbini (24) to determine the antibody response to culture filtrate antigens in tuberculosis patients, and by Bothamley and Rudd (25) to determine the specific response to the 38-kDa antigen. A possible explanation for this phenomenon may be the intense stimulation of the immune response by antigens released by dead bacteria, and/or by the release of antibodies that were previously part of immune complexes. No change in the reactivity profile that would allow to determine the evolution of treatment was observed from the second month to the end of therapy.
In the investigated molecular mass range, a 26-kDa protein was recognized before and after treatment in 98% of the patients studied. Despite this high sensitivity, 40% of the contacts and 33% of the patients with other lung diseases also reacted with antigens in this mass range (Figure 2) .
The frequency of reactivity observed for a protein of approximately 38 kDa (59%) was similar to that reported elsewhere (14, 26) and more common in patients with cavitary processes, as also reported by others (27, 28) .
The response to the 16-or 6-kDa antigens was higher in patients (50.9 and 57%, respectively) than in contacts (both 16%) or healthy subjects (6.6 and 3.3%, respectively) ( Table 1 ). The presence of these antibodies in tuberculosis patients has been associated with a more favorable prognosis or with spontaneously cured tuberculosis, since these antibodies are the first to disappear after 2 years of treatment (28) . An increase in anti-14-kDa (16-kDa) antibodies has been reported for healthy individuals after occupational exposure, and for household contacts of tuberculosis patients (12, 29) . Thus, the presence of these antibodies in contacts may suggest a tuberculosis infection that is not clinically evident.
Little is known about the antibody response against antigens in the 6-kDa range. ESAT-6 (a 6-kDa early secretory antigenic target) has been investigated for diagnostic purposes. The antigen possesses various specific T-cell epitopes that induce a cellular response and lead to increased interferon γ production in patients with subclinical or active tuberculosis but not in unexposed healthy individuals (13) . This cell-mediated response has also been associated with increased risk of disease (30) . A recent study showed that the humoral response to ESAT-6 may be associated with inactive tuberculosis but not with active tuberculosis (31) .
In the present study, Western blot analysis showed that serum from 45 (88%) patients reacted simultaneously with at least two proteins (Figure 3) . Franco et al. (11) studied the serological response to fractions of M. tuberculosis sonicated antigen and showed that 52.2% of positive smear pulmonary tuberculosis patients had full responses against 4 antigenic fractions (71, 65, 26-38, and 19 kDa) and 41.2% of negative smear patients had partial responses.
In our study, when the humoral response was analyzed in samples obtained before treatment, 34 (66.6%) of 51 patients showed simultaneous reactivity against antigenic fractions, that was absent in samples from healthy individuals or in patients with other lung diseases. In these latter two groups, the presence of tuberculosis was excluded by clinical and laboratory examination (Table 1) .
These reactivity profiles showed sensitivity similar to that observed by other investigators. However, in the general population, especially in developing countries, with a high prevalence of M. tuberculosis infec-tion, there is a percentage of persons who do not present clinical signs and symptoms of tuberculosis and who must be identified and treated. For this purpose, a highly specific test is needed in order to detect suspected cases. Analysis of Western blot tests performed on samples from healthy individuals and from patients with other lung diseases, showing the absence of reactivity for the profiles described earlier, revealed that this is a result of great clinical and epidemiological importance, since blood donors from the general population presented 5.5% positivity. These individuals, like the contacts, should be investigated more extensively in terms of a possible history of M. tuberculosis infection. It is important to point out that healthy individuals with a negative TST did not show reactivity to any of the antigen fractions studied. Thus, the occurrence of I, II, III, and IV reactivity profiles in individuals with a positive TST with no apparent clinical symptoms may represent an important prognostic factor. These individuals may eventually present a course of latent infection differing from that of healthy individuals with a positive TST who only showed less important reactivity profiles.
The simultaneous reactivity against 16-and 6-kDa proteins present in 2 of 25 contacts and in 10 of 200 healthy blood donors is an interesting finding. Both proteins are expressed by M. tuberculosis when subjected to oxygen deprivation (32, 33) . As containment within the granuloma may induce similar conditions these proteins may be an important antigenic target during bacillary latency (34) . Thus, these data may suggest detection of latent tuberculosis in 8% of the contacts and 5% of the anonymous control group. This is possibly due to the high prevalence of tuberculosis infection in the Brazilian population.
Earlier studies have suggested that the humoral response to M. tuberculosis antigens was increased in patients with an inadequate cell-mediated response to the same antigens (35) and in patients that showed a strong humoral response after the infection led to the development of active tuberculosis (36) . This evidence, together with a recent study that evaluated the humoral response to recombinant M. tuberculosis antigens, 38 kDa, 14 kDa and ESAT-6, showing association of the latter two antigens with risk factors for future active, but not current disease (31) , suggest the possibility of identifying the subset of persons with latent tuberculosis infection who may be at high risk to develop active disease.
These data provide important evidence even though they cannot be considered definitive, since significant geographical variation in antibody titer to some antigens exists (37) . Heterogeneous recognition of antigens by serum antibodies in tuberculosis can result from multiple factors (5), and characteristics such as the use of BCG vaccination (38) should also be assessed.
We conclude that the humoral response mainly against antigens of mass 16 and 6 kDa seems to be important for the detection of latent tuberculosis. The presence of reactivity profiles III and IV in a person with prior contact with tuberculosis suggests the presence of latent tuberculosis infection with an increased future risk for active disease, since this profile shows associated reactivity to these antigens and is mainly present in individuals with active disease, with a positive predictive value of 100%. However, this possibility can only be confirmed by prospective studies and deserves further evaluation.
